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ABSTRACT 
Since integral abutment bridges decrease the initial and maintenance costs of bridges, 
they provide an attractive alternative for bridge designers. The objective of this project is to 
develop rational and experimentally verified design recommendations for these bridges. 
Field testing consisted of instrumenting two bridges in Iowa to monitor air and bridge 
temperatures, bridge displacements, and pile strains. Core samples were also collected to 
determine coefficients of thermal expansion for the two bridges. Design values for the 
coefficient of thermal expansion of concrete are recommended, as well as revised temperature 
ranges for the deck and girders of steel and concrete bridges. 
A girder extension model is developed to predict the longitudinal bridge displacements 
caused by changing bridge temperatures. Abutment rotations and passive soil pressures 
behind the abutment were neglected. The model is subdivided into segments that have 
uniform temperatures, coefficients of expansion, and moduli of elasticity. Weak axis pile 
strains were predicted using a fixed-head model. The pile is idealized as an equivalent 
cantilever with a length determined by the surrounding soil conditions and pile properties. 
Both the girder extension model and the fixed-head model are conservative for design 
purposes. 
A longitudinal frame model is developed to account for abutment rotations. The frame 
model better predicts both the longitudinal displacement and weak axis pile strains than do 
the simpler models. A lateral frame model is presented to predict the lateral motion of skewed 
bridges and the associated strong axis pile strains. Full passive soil pressure is assumed on 
the abutment face. 
Two alternatives for the pile design are presented. Alternative One is the more 
conservative and includes thermally induced stresses. Alternative Two neglects thermally 
induced stresses but allows for the partial formation of plastic hinges (inelastic redistribution 
of forces). Ductility criteria are presented for this alternative. Both alternatives are 
illustrated in a design example. 
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NOMENCLATURE 
flange width 
distance from neutral axis to desired strain location 
sectiqn depth 
depth to strain gages below bottom of abutment 
total, applied axial stress 
temperature-induced axial stress 
vertical-load axial stress 
total, applied bendi11g stress about x,y 
temperature-induced bending stress about x,y axis 
vertical-load bending stress about x,y axis 
correction factor for age 
correction factor for moisture 
correction factor for exposure condition 
effective soil stiffness 
initial, lateral soil stiffness 
total length of embedded pile 
critical length parameter 
equivalent length 
equivalent embedment length for elastic pile buckling 
equivalent embedment length for horizontal stiffness 
equivalent embedment length for maximum moment 
frictional length 
length of exposed pile above soil surface 
radius of gyration about x,y axis 
· flange thickness 
segmental area 
skewed abutment width 
inelastic, rotational capacity-reduction factor 
coefficient applied to bending term in interaction formula 
modulus of elasticity 
segmental modulus of elasticity 
allowable axial stress 
xix 
Aix,y allowable total displacement consistent with inelastic rotation capacity 
Aj unrestrained displacement of segment j 
A0x,y lateral displacement 
As displacement of spring 
Aw displacement of wire 
AT temperature change 
ATj temperature change for segmentj 
c; strain gage number i 
Ca axial strain 
Ct strain due to torsional bending 
&x strain due to x,y axis bending 
µ coefficient of friction between soil and abutment 
o normal stress 
l. INTRODUCTION 
l.l. General 
Integral abutment bridges have been used throughout the United States and several 
foreign countries. Traditional bridges are designed with expansion joints and other structural 
releases (Fig. 1.la) that presumably allow the superstructure to expand and contract freely 
with changing temperatures. The integral abutment bridge (Fig. l. lb) is less costly because 
expansion joints are eliminated in the bridge deck, which reduces the initial construction cost 
as well as continued maintenance costs. However, when expansion joints, roller supports, and 
other structural releases are eliminated, thermal forces are introduced into the bridge and 
must be accounted for in the design. The stresses produced in the abutment piling are the 
topic of this report. 
Over half the state highway agencies have accepted the design ofintegral abutment 
. bridges, but all have their own limitations on a safe length for such bridges [1-3]. For 
example, the Federal Highway Administration [4] recommends the following values as length 
limitations for integral abutments with continuous spans: 
Steel 
Cast in place concrete 
Pre- or post-tensioned concrete 
soon 
500ft 
600ft 
The American Association of State Highway and Transportation Officials (AASHTO) does not 
address integral abutment bridges but does require that all bridge designs shall provide for 
thermal stresses or that means shall be provided for the thermal movements [5, Secs. 8.5.2, 
9.5.1, and 10.11]. 
1.2. Objective 
The objective of this research is to verify experimentally a design procedure for piles in 
integral abutment bridges. 
Fig. 1.1. 
2 
GIRDER 
BA TIERED PILING _ _,, 
(a) 
INTEGRAL 
ABUTMENT 
FLEXIBLE PILING 
(b) 
DECK 
Bridge abutment types: (a) bridge with expansion joints, (b) integral abutment 
bridge. 
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1.3. Project Overview 
The project consisted of collecting experimental data (displacements, air and 
. . . 
superstructure temperatures, and pile strains) for roughly two years and comparing them with 
analytical results from equations developed in previous studies (1,3,6-,10]. 
Design recommendations are made for two types of bridges (precast concrete and steel). 
Factors considered in the design recommendations are the actual bridge temperatures, the 
effective coefficients of thermal expansion, and the strains in the abutment piling. A design 
example is presented. 
1.4. Literature Review 
1.4.1. Bridge Temperature and Expansion 
Actual temperatures within a bridge superstructure differ from the ambient air 
temperature. Imbsen et al. [11] used empirical data (normal, daily minimum and maximum 
air temperatures) to obtain the minimum and maximum effective bridge temperatures. 
Emanuel and Hulsey [12] developed equations for the minimum and maximum ambient air 
temperatures and their corresponding solar flux (solar radiation). They used simple models 
based on computerized reductions of 20 years of weather data near Columbia, Missouri. 
Church ward and Sokal [13! correlated minimum and maximum ambient air temperatures and 
insolation (solar radiation) with the temperatures in the bridge cross section. On the basis of 
studies by previous authors, Reynolds and Emanuel [14] suggested methods to predict the 
superstructure temperature given the ambient air temperature. AASHTO [5, Sec. 3.16] states 
that "due consideration shall be given to the lag between air temperature and the interior 
temperature of massive concrete members or structures" and gives the following range of 
structure temperatures: 
Metal Structures: 
Moderate climate 
Cold climate 
Concrete Structures: 
Moderate climate 
Cold climate 
Temp. Ranges 
0°to 120°F 
-30° to 120° F 
Temp.Rise 
30°F 
35°F 
Temp. Fall 
40°F 
45°F 
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Temperature distributions through the depth of the superstructure have also been 
studied by several authors. Emanuel and Hulsey [12] and Prakash Rao [15] developed 
temperature distributions based on two-dimensional and one-dimensional heat flow models, 
respectiveiy. A riiiine'rical solution was used to determine the distribution through the depth, 
and a finite element modef was developed to determine the initial conditions and boundary 
conditions. Churchward and Sokal [13] collected temperature data through the depth of a 
concrete box-girder bridge for a three-year period. From these data, the authors developed 
equations relating the superstructure temperature to the ambient air temperature. Kennedy 
and Soliman [16] proposed a linear-uniform vertical temperature distribution based on theory 
and experiment. 
Several papers [17-20] presented methods to estimate the thermal stresses in concrete 
and composite bridges. Soliman and Kennedy [17] and Hulsey and Emanuel [18] estimated 
thermal stresses by imposing compatibility conditions and solving strain equations at the 
interface of the concrete deck and steel beams. Radolli and Green [19] developed empirical 
design equations for thermal stresses in superstructures that are based on climatic data, for 
example, the ambient air temperature and solar radiation. The design equations can be used 
with a variety of superstr~cture geometries. Rahman and George [20] used a numerical 
approach to determine thermally induced stresses. They also presented a finite element model 
for a continuous span, skewed bridge. 
1.4.2. Coefficient of Thermal Expansion 
AASHT0[5] specifies the coefficient of thermal expansion for concrete as 
O.OOOOOG iri'.tin.f'F but all concrete does not exhibit the same coefficient of thermal expansion. 
It is a function of cement mix, aggregate types, mix proportions, temperature, and concrete 
age. The thermal expansion of concrete is the result of two processes occurring simultaneously 
[21]. The first is the normal thermal expansion common to all anhydrous solids (aggregates) 
and the second is the hydrothermal expansion or contraction caused by the movement of 
internal water in the capillary and gel pores of the concrete paste phase. 
Since aggregates make up 80 to 85% of concrete, the thermal properties of the 
aggregates highly influence the coefficient of thermal expansion of a given concrete. Rhodes 
[21] reports values ranging from 3 to 6 µ in./in.t'F for some limestones. The paste occupies 15 
to 20% of concrete by volume and may exhibit an expansion coefficient ranging from 5 to 12 
µ in./in.t'F. Davis [22] found that the aggregate coefficient of expansion has the greatest effect 
5 
on the coefficient of expansion of the concrete. Callan [23] an.d Griffith [24] determined that 
the source and mineral composition (silica content) are the most influential factors that affect 
the thermal coefficient of expansion of aggregates. 
Meyers [25] found that the coefficient of expansion of concrete increases to a maximum 
value wheri the moisture content is approximately 70% of saturation and decreases to a 
minimum value at.100% saturation. His test results also showed that the coefficient of 
thermal expansion of concrete will decrease slightly with age. Zuk [26) determined apparent 
coefficients of expansion for severaltypes ofbridges from experimental data. Emanuel and 
Hulsey [27) developed an effective means of predicting the thermal coefficient of expansion, 
which is based on the thermal characteristics of coarse andfine aggregates, relative humidity, 
and temperature: 
(1.1) 
in which fT represents the correction factors for temperature alternations (1.0 for controlled 
environment and 0.86 for outside exposure) .. The correction factors for moisture and age are fM 
and fA. respectively, as given in Fig. 1.2. The coefficient of thermal expansion for the 
saturated condition, as, is 0.000006 in./in.l°F. The coefficients of thermal expansion for the 
fine and coarse aggregates are UFA and acA, respectively. (Typical values are given in[27]). 
The prqportions by vo.lume of the paste, fine aggregate, and coarse aggregate are flp, llFA, and 
llcA. respectively. 
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2. FIELDTESTS 
2.1. ()bjective 
A field testing program was conducted on two types of bridges in Iowa-a prestressed 
concrete beam and a steel girder-to collect bridge expansion data on deck and girder 
temperatures, air temperature, and pile strains. Coefficients of thermal expansion were 
determined from concrete cores taken from the two bridges. 
2.2. Test Procedures 
2.2.1. Test Sites 
Field tests were performed on two bridges. The first is a prestressed concrete girder 
bridge, the Boone River Bridge, located in Webster City on county road R-33. Webster City is 
located in the central part of Iowa approximately 40 miles north of Ames. The second bridge, 
of steel girder construction, is the Maple River Bridge, located approximately one-half mile 
south of Danbury on county road L-37. Danbury is located approximately 40 miles east and 40 
miles south of Sioux City. 
Boone River Bridge 
The Boone River Bridge is a concrete deck and prestressed girder bridge that spans 
324.5 ft and is 40 ft wide. Figures 2.1, 2.2, and 2.3 show a plan, profile, and cross-sectional 
view, respectively, of the Boone River Bridge. The bridge is a continuous four-span bridge. 
Two of the piers are located approximately 80 ft from each abutment and the third pier is 
located in the center of the bridge. The prestressed girders are not integral with the piers but 
sit on neoprene pads approximately 1 in. thick. The rest of the structure is monolithically 
constructed. The skew angle of the bridge is 45°. The 7-1/2 in. deck is ofreinforced concrete 
with a compressive strength of 3000 psi. The aggregate was primarily crushed limestone 
aggregate. The prestressed concrete girders are C80R type, as specified by the Iowa 
Department of Transportation (Iowa DOT), with a design strength of 5000 psi. The piles were 
driven in a predrilled hole approximately 9 ft deep with the strong axis parallel to the 
longitudinal direction of the structure and battered at a slope of 4:1 in the lateral direction 
only (Fig. 2.4). 
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Maple River Bridge 
The Maple River Bridge is a composite concrete deck and steel girder bridge, 320 ft long 
by 32 ft wide. Figures 2.5, 2.6, and 2.7 show a plan, profile, and cross-sectional view, 
respectively, of the Maple River Bridge. The bridge is a continuous three-span bridge with two 
piers located approximately 98 ft from each abutment. The Maple River Bridge has a skew 
angle of 30°. The abutments and girders were integrally cast with the deck to form a 
monolithic structure. The 8-1/2-in. deck is ofreinforced concrete with a concrete compressive 
strength of 3500 psi. The coarse aggregate is gravel found in northwestern Iowa. The steel 
girders are welded plate girders approximately 49 in. deep and placed on bearing pads over the 
piers. The piles were driven in a predrilled hole approximately 12 ft deep with the strong axis 
parallel to the longitudinal direction of the bridge and battered at a slope of 3:1 in the lateral 
direction only (Fig. 2.4). Soil conditions a.re summarized in Appendix A. 
2.2.2. lnstru.mentation 
Typical instrumentation at each test site is described below. (Refer to Appendix A for 
additional information.) 
Two linear variable differential transformers (LVDTs) were installed on the Maple 
. . . 
River Bridge and one on tlje Boone River Bridge to monitor the longitudinal displacements. 
The LVDTs were placed at one end of each bridge under the overhang, in an electrical box. 
Each LVDT was clamped inside a spring with a known spring constant. The spring was 
attached to a wire, which was stretched across the entire length of the bridge. Nickel-iron wire 
was used because its coefficient of thermal expansion is extremely low (0.0000007 in./in.fF) 
over the temperature range encountered in the field. The wire had a diameter of0.05 in. and 
was enclosed in a lubricated conduit to reduce frictional effects. 
· Surveying instruments were used to measure the bridge movement on a hot and cold 
day, as a check on the LVDT measurement. 
Figure 2.8 shows a typical cross section and the locations of the thermocouples in the 
deck and girders. A copper-constantan type thermocouple wire was used. The thermocouple 
wires were placed in conduits to protect them from the environment. At the Boone River 
Bridge, holes were drilled in the precast girders and the thermocouple wires were placed inside 
the holes and sealed with grout. At the Maple River Bridge, the thermocouple wires 
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were soldered to the exterior surface of the steel girders and enclosed in electrical junction 
boxes. 
Four electrical resistance strain gages were placed on the second battered pile from the 
west end of each abutment. Only one pile at each bridge was instrumented with strain gages. 
Figure 2.9 shows the orientation.and location of these gages. The strain gages were placed 
about 6 to 8 in. below the bottom of the abutment. Excavation was required at the pile~ 
abutment interface, where approximately 3 ft of the pile was exposed for placement of the 
strain gages. The excavated area was left unfilled for the duration of the testing. 
The control center was centrally located under one end of each bridge. All data were 
collected and stored in a Campbell Scientific computer, Micrologger 21X. The data were 
uploaded to cassette tapes about every 2 wks and transferred to floppy disks for permanent 
storage. 'The control centers were placed inside a security fence to protect against vandalism. 
Electrical hookups were provided by local power companies to meet the necessary electricity 
requirements. All instruments were enclosed in a junction box and the wires enclosed in 
conduits to protect against vandalism and environmental hazards. 
2.3. Experimental Results 
2.3.1. General 
Data collection (LVDT and thermocouple readings) started on January 8, 1987, and 
ended on February 28, 1989, at both sites. The data collection for strain readings began on 
January 1, 1988, at the Boone River site and July 1, 1988, at the Maple River site and ended at 
both sites on February 28, 1989. Data were collected every 10 min. The six 10-min readings 
were averaged for an hour. The hourly averages for each device were .stored in the memory of 
the Micrologger 21X. The zero hundred hour (0000 military time) on October 1, 1988, was 
.selected as the reference \lay at the Boone River Bridge and September 6, 1988, as the 
reference day at the Maple River Bridge. These dates were selected because the air 
temperature was very close to the mean air temperature for the 26-mo period. 
2.3.2. Air Temperature 
Figures 2.10 and 2.11 show the actual air temperature at the two sites. At the Boone 
River Bridge the low temperature, -25° F, occurred on February 11, 1988, and the high, 103° F, 
on August 15, 1988. A low ternperatureof-21° F occurred on February 11, 1988, and the high, 
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113° I', on June 20, 1988, at the Maple River Bridge. Both strucLures experienced roughly the 
same trend in air temperature over the 26-mo test period. The mean air temperature at both 
sites was about 55° F. The maximum air temperature range at the two bridges was 128° F and 
134° F, respectively. 
2.3.3. Bridge Temperatures . 
Bridge temperatures were recorded by the thermocouple wires that were placed in the 
deck and girders of the superstructure (Fig. 2.8). The hottest bridge temperature, which 
occurred in the deck near the upper surface, was approximately 120° F at the Boone River 
£}ridge and 122° Fat the Maple River Bridge. The coldest recorded bridge temperature of 
-16° F was fairly uniform throughout the superstructure of both bridges. Thus, the maximum 
temperature range for the deck at the Boone River Bridge was 136° F and 138° Fat the Maple 
River Bridge. The maximum temperature range for the prestressed beams at the Boone River 
Bridge was 115°F and 117° F' for the steel girders at the Maple River Bridge. 
The temperature distribution through the depth of the deck and concrete girder is 
shown in Fig. 2.12 for the Boone River Bridge at the time of the hottest temperature. The 
distribution is similar for the Maple River Bridge. The distribution for the coldest bridge 
temperature is essentially uniform through the depth of the deck and girder system. 
'l'emperatures were recorded across the width of the bridge also. The maximum 
temperature difference across the width was approximately 15° Fat the time of the highest 
temperature. 
2.3.4. Bridge Displacements 
Figures 2.13 and 2.14 show the measured longitudinal displacements at the Boone 
River Bridge and the Ma.pie River Bridge, respectively. The equation for the measured bridge 
displacement, Ab, is 
Ab = A + A + a (AT)L 
8 w w w 
(2.1) 
where As is the spring displacement measured by the LVDT and equals P.,lk. (P8 is the force in 
the spring and k is the spring constant.) The thermal movements of the spring were 
considered negligible. The quantity Aw is the wire elongation caused by the longitudinal 
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movement and equals P81JAE, where Lis the length of wire, andA and E are the cross-
sectional area and modulus of elasticity (approximately 21,000,000 psi) of the wire, 
respectively. The term nw(AT)Lw is the elongation of the wire due to temperature changes. A 
thermocouple was placed in the conduit to record the temperature of the wire. The Boone 
River Bridge had a total displacement range of approximately 2 in. and the Maple River 
Bridge had a total displacement range of approximately 2-1/2 in. Surveying instruments 
showed longitudinal displacement ranges ofl.8 in. and 1.9 in., respectively. (The surveying 
measurements were not made on the hottest and coldest days.) 
There were pile bending strains about the strong axis (Sec. 2.3.5), which suggest that 
lateral displacements also occurred. Lateral displacements were not measured directly. 
2.3.5. Pile Strains 
Figures 2.15 and 2.16 show the pile strains caused by bending about the weak axis, ey, 
for the Boone River and Maple River bridges, respectively. Likewise, Figs. 2.17 and 2.18 show 
the pile strains caused by bending about the strong axis, ex, for the two bridges. The equation 
for the total measured strain, em, is 
e =e+e+e+e1 m a ;t y 
(2.2) 
where ea is axial strain; ex and ey are the strains due to the bending about the x and y axis, 
respectively; and et is the warping normal strain associated with torsional bending. At the • 
Boone River site the four unknowns-ea, ex, ey, and ei-were isolated by solving four simultane-
ous equations involving the measured strain of the four gages (see Appendix A). Two 
components, e8 , and et, were relatively small in magnitude compared to the strains ex and ey 
and are not studied in detail here. [Note that the piles were oriented so that bending occurred 
predominantly about the weak (y) axis as the bridge expanded longitudinally; refer to 
Fig. 2.4.] At the Maple River site, the readings of one gage became erratic and only three 
gages were available in the calculations; hence, only three simultaneous equations were 
available. The torsional strain was assumed to be negligible since the torsional strain at the 
Boone River site was small. 
Figures 2.15 through 2.18 show the experimental strain ranges due to temperature 
only. The strain ranges were approximately 700 to 900 µin.fin. for ey at the Boone River and 
Maple River bridges, respectively, and 200 to 300 µin.fin. fore,. Thermal strains will be 
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greater than this at the flange tips (beyond the strain gages) and just below the abutment 
(above the strain gages). Strains due to vertical and other loading are not included in the 
experimental values. The steel in the piles has a yield strain of approximately 1200 µin.fin. 
Most likely, yielding occurs at the flange tips up next to the abutment. 
2.4. Coefficient of Thermal Expansion 
2.4. l. Test Cores 
Three core samples were obtained from the bridge abutments at each site. (Note: No 
cores were taken from the deck or girders.) The concrete from the Boone River site contained 
mostly crushed limestone aggregate, while thatfrom the Maple River site consisted of a gravel 
aggregate mixture. The core samples were 4 in. in diameter and varied in length from 10 to 
13 in. after trimming. Each sample was placed in one of three different moisture conditions 
(air dried, oven dried, and saturated) to determine the effective coefficient of thermal 
expansion. 
2.4.2. Test Procedure 
Tests were conducted in an environmental chamber capable of controlling both 
temperature and humidity. (Appendix B contains more information on the experimental 
setup and results.) 
Each core sample was placed inside the chamber and subjected to changing 
temperatures (a heating and cooling cycle). The internal temperature and displacement were 
recorded at hourly intervals. Coefficients of thermal expansion versus time are illustrated in 
AppendixB. 
2.4.3. Results and Recommendations 
Table 2.1 summarizes the test results .. Stabilized values occurred when there was little 
change in the coefficients of thermal expansion. The highest value of the coefficient of thermal 
expansion is exhibited by the air-dried cores. The saturated cores showed the lowest values. 
This trend is consistent with the literature [21-27]. The limestone aggregate concrete (Boone 
River Bridge) has a smaller coefficient of thermal expansion than does the gravel concrete 
(Maple River Bridge). This is also in agreement with the literature. 
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Emanuel and Hulsey (27] developed an empirical equation to predict the thermal 
coefficient of expansion (Eq. 1.1). Their equation was C()mpared to the laboratory values for 
the air-dried conditions. The input of the material properties into Emanuel and Hulsey's · 
equation were from the Iowa DOT D57 mix for structural concrete. The results in Table 2.1 
agree well. Values for the saturated and oven-dried conditions were also checked and agreed 
favorably. 
Based on the preceding results, the recommended coefficients of thermal expansion for 
the concrete in the abutments of the Boone River and Maple River bridges are shown in. 
Table 2.1. The values are slightly biased toward the heating cycle since this is the highest 
expansion phase in the field. Before utilizing these values for the design of other bridges, the. 
following conditions should be kept in mind: 
• The design values are for mature concrete. New concrete may have a higher 
coefficient of expansion. The factor fA in Fig. 1.2 can be used to correct for age 
effects. The authors recommend that the value of mature concrete be used. 
• The coefficient depends heavily upon the coefficients of the aggregate (Sec. 1.4.2). 
Hence, other limestone aggregate concrete could have a significantly different 
coefficient than the Boone River Bridge. 
• Girder and deck concrete should be evaluated for the coefficient of expansion. 
Table 2.1. Effective coefficients of thermal expansion(µ in./in.l°F). 
Boone River Maple River 
Heating Cooling Heating Cooling 
Air Dried 4.2 4.5 4.5 5.2 
Oven Dried 3.0 3.1 4.5 4.3 
Saturated . 3.5 3.4 4.0 4.0 
Ref. [27]~, 4.7 5.2 
. 
Design. 4.5 5.0 
•Values were calculated with mature concrete and crushed limestone aggregate (Boone River· 
Bridge) and gravel aggregate (Maple River Bridge). 
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3. THERMAL EXPANSION MODEL 
3.1. Objective 
A method to predict the longitudinal thermal expansion and c<1ntraction of bridge 
structures is developed and compared to experimental valu~s. A frame model is also presented 
to predict longitudinal displacements. 
As stated in Sec. 2.3.5, measured pile strains, ex, confirm that lateral motions also 
occurred, although they were not measured directly. A model for predicting lateral 
displacements is illustrated in Ch. 4. 
3.2. Axial Displacement Model 
An idealized model of a bridge cross section is shown in Fig. 3.1. The model is divided 
into n segments, with the assumption that each segment has the following properties: uniform 
temperature, uniform coefficient of expansion or contraction, and uniform modulus of 
elasticity. Only axial extensions of the bridge were considered in the development of the axial 
displacement model. Abutment rotations are not included; in addition, the forces on the 
abutment caused by the passive and active earth pressures were neglected. In other words, the 
axial stiffness of the deck and girder system was assumed to be large enough to be unaffected 
by the pile restraint and the soil surrounding the abutments. Figure 3.2 shows the 
unrestrained longitudinal displacement, Aj, of each segment,j, and equals 
(3.1) 
where Oj is the coefficient of thermal expansion, ATj is the internal temperature change, and Lj 
is the length of each segment. The total longitudinal displacement of the bridge is Ab. 
The expansion and contraction of the structure induce thermal forces in each segment: 
AE. 
J J 
Fhj == (Aj -Ab) T 
J 
where Aj is the cross-sectional area, and Ej is the modulus of elasticity. Equilibrium of the 
horizontalforces requires that the summation ofFhj equals zero or 
(3.2) 
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n AE. I (A . - Ab) _Ll. = 0 
j=I J Lj 
Assuming the length of \\ll segments is equal to Land solVing for Ab yields 
n 
"°' AAE. L. J J J j=I 
Ab= ~ .. -n---
L 
j=I 
AE. 
J J 
Substituting Eq. (3.1) into Eq. (3.4) results in the following equation for the longitudinal 
bridge displacement: 
n 
L n}ATjlAli 
Ab= j=I n L 
L Ali 
j=l 
(3.3) 
(3.4) 
(3.5) 
The Boone River Bridge was subdivided into 16 segments corresponding to the 
thermocouple locations shown in Fig. 2.8. For example, the deck had eight segments, the 
guardrails had one segment each, and the beams had two segments (the upper thermocouple 
had approximately one-third of the beam cross-sectional area and the lower thermocouple had 
about two-thirds of the area). The temperature changes in all the segments were taken as the 
actual temperatures recorded by the corresponding thermocouples. The coefficient of thermal 
expansion of concrete was taken as 0.0000045 in./in.l°F for the Boone River plot and 
0.000005 in./in.l°F for the Maple River plot (Table 2.1). (Remember that Table 2.1 values are 
for concrete in the abutment.) The same coefficient of thermal expansion was used for the deck 
and girders. The modulus of elasticity was 3,122,000 psi for the deck and 4,030,500 psi for the 
prestressed girders, which corresponds to 57 ,000 times the square root of the compressive 
strengths reported in Ch. 2. The Maple River Bridge is similar, except the girders are steel (a 
of0,0000065 in./in.l°F and an E of29,000,000 psi) and the modulus of elasticity for the deck 
was 3,372,100 psi. 
Figures 3.3 and 3.4 show the longitudinal displacements versus time for the Boone 
River and Maple River Bridges, respectively, from Eq. (3.5). The displacements shown in 
Figs. 3.3 and 3.4 (Boone River and Maple Rive.r Bridges, respectively) show the same trend in 
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displacements over the 26-mo test period as do the experimental displacements shown in 
Figs. 2.13 and 2.14 (Boone River and Maple River bridges, respectively). 
Since the coefficlerit of thermal expansion of concrete is quite variable, a range of values 
was studied .. The bounding values used were 0.00000.3 in.lin./°F to. 0.0000045 in./in./°F for the 
Boone River Bridge and 0.000004 in.lin./°F to 0.0000052 in./in./°F for the Maple River Bridge. 
These values represent the maximum 11nd minimum stabilized values shown in Table 2.L 
Figures 3.5 and 3.6 compare the experimentally measured displacements to the displacements 
calculated in Eq. (3.5). The maximum displacement ranges from Eq. (3.5) are shown in the two 
figures forthe maximum range of bridge temperatures, The displacement range is the total 
movement due to bridge expansion and contraction. The aidal model (Eq. 3.5) with the 
bounding coefficients of thermal expansion bounds the experimental displacements. 
3.3. Longitudinal Frame Model 
A two-dimensional frame model was developed to include the flexural stiffness of the 
piles and the axial and flexural stiffnesses of the deck and girders in the prediction of the 
longitudinal movement of each bridge. The passive and active earth forces were neglected 
because the corresponding displacements were small relative to the bridge movement. Only 
one-half of each structure was modeled because of symmetry. Figure 3. 7 shows an elevation 
view of the two-dimensional frame model of the Maple River Bridge. This bridge is illustrated 
because of its composite construction. 
The pile length, LMy, shown in Fig. 3.7 is the equivalent cantilevered length discussed 
in Sec. 4.3 and presented in Appendix C. Other member lengths are shown in Fig. 2.5. Nodal 
locations for the deck and girders were selected at the center of gravity of the respective 
elements. A node was placed at the location of the LVDT (bridge displacement, .t.b) so that a 
direct comparison could be made with experimental displacements. Another node was 
similarly placed at the strain gage location. At the plane of symmetry, the nodal 
displacements were constrained against rotation and horizontal displacement. Rigid members 
were used to connect the deck and girder elements to simulate full composite action. At the 
pier, the steel girder and pier elements were allowed to rotate independently but the 
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horizontal and vertical displacements were coupled to move together. The Boone River Bridge 
frame model was similar to the Maple River model exceptfor two things: (1) at the plane of 
symmetry, a rigid vertical support was provided to model the center pier (Figs. 2.1and2.2) and 
(2) at the intermediate pier, only the vertical displacement was coupled. 
The linear temperature distribution shown in Fig. 2.9 was assumed to act on the deck 
and girder system of the frame model. Only three temperatures were used in the frame model, 
specifically, the temperatures at the thermocouples nearest the top of the deck, the deek and 
girder interface, and the bottom of the girder. The coefficients of thermal expansion were the 
bounding values used in Sec. 3.2. Figures 3.5 and 3.6 show the frame model's longitudinal 
displacements, which are approximately equal to the axial model's displacements; therefore, 
the axial model is satisfactory for predicting thermal longitudinal displacements; 
3.4. Comparison with Experimental Displacements 
The longitudinal displacement ranges for the axial and frame models (illustrated in 
Figs. 3.5 and 3.6) bound the experimental displacements. The displacements are dependent on 
the magnitude of the coefficient of thermal expansion of concrete. 
3.5. AASHTO Longitudinal Displacements 
The cold climate temperature ranges suggested by AASHTO [22, Sec. 3.16] are 
Metal structures T = 150° F 
Concrete structures T = 80°F 
(The cold climate temperatures were used because the air temperature at both sites fell below 
-20° F). AASHTO suggests that the coefficient of thermal expansion for concrete be 
0.000006 in.lin.!°F and for steel be 0.0000065 in.lin./°F. Using Eq. (3.5) with one segment for 
the deck and one for the girders, we found the AASHTO longitudinal displacements are 1.9 in. 
and 3.6 in. (see Figs. 3.5 and 3.6) for the Boone River and Maple River bridges, respectively. 
The AASHTO displacement range is very close to the experimental displacement range for the 
Boone River Bridge. However, the AASHTO temperature range is significantly smaller than 
the range measured for this concrete bridge (Sec. 2.3.3) and the AASHTO coefficient of ther-
mal expansion is significantly larger than experimental results (Table 2.1). It is a coincidence 
that the AASHTO displacements are approximately equal to the experimental values. At the 
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Maple River Bridge the AASHTO displacement range overestimates the experimental 
displacement shown in Fig. 3.6. 
3.6. Recommendations 
For purposes of calculating the longitudinal thermal expansion, a bridge should be 
divided into two segments: the deck and the girders. Either the axial model or the frame 
model can be used to predict the longitudinal displacements. 
Design values of the coefficient of thermal expansion for the Boone River and Maple 
River bridges would be 0.0000045 and 0.000005 in./in.i°F, respectively, both significantly 
below the AASHTO recommendation. ·In general, the value should be experimentally 
determined or predicted by some other means such as Eq. (1.1). 
For design purposes, one would select an air temperature range larger than that 
recorded at the two sites over a two-year period only (Sec. 2.3.2). Hence, for design purposes 
one would select bridge temperature ranges higher than those measured in Sec. 2.3.3. In 
addition, concrete and steel bridge temperatures are not significantly different. The following 
values are recommended. 
Concrete Deck 
Concrete and Steel Girders 
Temperature Range 
150°F 
140°F 
The longitudinal displacement ranges, using the above recommended values and 
Eq. (3.5), are shown in Figs. 3.5 and 3.6 for the Boone River and Maple River Bridges, 
respectively. The recommended design longitudinal displacements are 2.5 in. for the Boone 
River Bridge (versus 2 in. measured) and 3.1 in. (versus 2-1/2 in. measured) for the Maple 
River Bridge. The recommended coefficient of thermal expansion and temperature ranges 
give reasonable results for design purposes. 
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4. PILE STRAINS 
4.1. Objective and Scope 
The objective of this chapter is to verify a means for predicting the pile strains caused hy 
the thermal expansion and contraction of integral abutment bridges. A comparison is made 
with the measured strains from Ch. 2. 
4.2. Soil Characteristics 
4.2.l. Pile and Soil Systems 
Greimann et al. [1) used the Winkler soil model, shown in Fig. 4. l, to analyze soil-pile 
interaction. A finite element model and a design model were developed and compared. In both 
models, the springs represented the soil surrounding the pile. The lateral springs have an 
initial lateral stiffness, kh, of the soil. The vertical springs have an initial vertical stiffness, 
kv, of the soil and the point spring has an initial point stiffness, kq, of the soil. In the finite 
element model the springs were assumed to behave nonlinearly. The design model, which is 
compared to the experimental results in this chapter, assumed linear springs. 
4.2.2. Soil Properties 
The only soil spring property needed for design purposes is the initial lateral stiffness, 
kb. The equations and basic soil properties for determining the initial stiffness are listed in 
Table 4.1 (adapted from Ref. (IJ). Typical soil properties for an HP 10x42 steel pile in clay and 
sand. soils are listed in Table 4.2 (I]. The initial lateral stiffness, kb, is assumed to vary 
linearly with depth for granular soils and to be constant for clay soils. 
4.2.3. Initial Lateral Stiffness 
Cross-sectional views of the south abutment of the Boone River Bridge and the north 
abutment of the Maple River Bridge are shown in Figs. 4.2a and 4.3a, respectively. Various 
soil layers, as determined by soil borings, are shown (refer to Appendix A also). The predrilled 
holes extended to 9 ft below the bottom of the abutment at the Boone River Bridge and to 12 ft 
Fig. 4.1. 
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Table 4.1. .Initial stiffness, kb, and basic soil properties . 
. 
Case kb. Pu(use lesser value) 
Soft clay and stiff 
Pu= 9cuB clay .· 
Pu 
' ,• . ' 
-
y5() [ y 0.5 I . p= 3+-x+-xcB 
u c B u 
. . u 
Very stiff clay 
p =9c B 
Sand 
e 50 
Cu 
B 
y 
x 
cj> 
kp,ka 
ko 
a 
fl 
J 
Yoo 
Pu 
. 
u u 
Pu 
-
2y5() I y 2.0 I p=3+-x+-xcB 
u c B u 
u 
. 
p = yx[B(k - k ) + xk tanatanfl 
u p a p 
Jyx + xk tan{l(tancj> - tana)J 
0 
1.35 
p = vx( k3 + 2k2k tancj> - k )n 
u p p o a 
Axial strain at one-half p eak stress ai:uerence trom triaxtal text· or use 0.02 for soft 
clay, 0.01 for stiff clay, or 0.005 for very stiff clay. 
Cohesion from an unconsolidated, undrained test 
Pile width · 
Effective unit soil weight 
Depth from soil surface 
Angle of internal friction 
= tan2 (45° ±cj>/2) 
= 1 - sincj> 
= cj>/2 for dense or medium sand, cj>/3 for loose sand 
= 45° + cj>/2 . 
= 200 for loose sand, 600 for medium sand, 1500 for dense sand 
Displacement at one-half ultimate soil reaction: 2.5 Beso for soft and stiff clay, 2.0 
Be50 for very stiff clay. 
= ultimate soil resistance 
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Table 4.2. Soil properties for an HP 10x42 pile in clay and sand soils. 
Clay Soft Stiff Very Stiff 
Blow count, N 3 15 40 
Effective unit 50 60 65 
weight, y(pcf) 
Undrained 400 1,600 5,000 
cohesion, Cu (psf) 
Pu (kif) 3.0or 12or 37or 
(use lesser value) 1.0 + 0.24x 3.9 + 0.85x 12.5 + 10.lx 
kh(ksf) 72or 580or 2,200or 
(use lesser value) 24 + 5.8x 190 + 4lx 750 + 610x 
Sand Loose Medium Dense 
Blow count, N 5 15 30 
Effective unit 55 60 65 
weight, y(pcf) 
Angle of friction, cl> 30° 35° 40° 
Pu (kif) 0.070x2 + 0.12x 0.15x2 + 0.17x 0.26x2 + 0.24x 
for x s 20 forx s 18 forx s 22 
1.5x 2.9x 5.9x 
forx > 20 forx > 18 forx > 22 
kh(ksf) 8.0x 27x 72x 
at the Maple River Bridge. The excavation for the strain gages exposed about 3 ft of the piling 
beneath the abutments. 
Although soil borings were taken at the Boone River site, no quantitative soil 
investigations were performed. Shelby tube samples were collected at the Maple River site 
and an effective unit weight of 58 lb/ft3 was determined at a depth of approximately 11 ft below 
the surface. Soil parameters, such as kh, are very difficult to predict with any degree of 
certainty. The interaction of the loose sand in the predrilled hole with the surrounding 
material certainly complicated the prediction. In recognition of this, a range of parameters 
was considered. A range of stiffnesses versus depth are shown in Figs. 4.2b and 4.3b for the 
Boone River and the Maple River sites, respectively. At Boone River, the sand in the 
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predrilled hole and the surrounding in-situ soil was assumed to be bounded by loose sand and 
medium-loose sand. (The stiffness for medium-loose sand is the.average ofthe stiffnesses for 
medium and loose sand in Table 4.2.) ·Below the predrilled hole, the in-situ soil was estimated 
to be between medium and dense sand. (The medium-dense stiffness is the average of the 
medium and dense sand in Table 4.2.) At the Maple River site, the sand in the predrilled hole 
acting with the surrounding soil was assumed to be bounded by loose sand and medium-loose 
sand. The in-situ soil below the predrilled hole was estimated to be stiff clay. 
4.3. Pile Idealization 
For purposes of analyses, a pile can be idealized as an equivalent cantilever Ci). 
Figure 4.4 illustrates the equivalent cantilevered system and the actual pile system. The 
length, fu, is the length from the pile he11d to the soil surface. The length, e, in the actual 
system is the total length of the embedded pile below the soil surface. The equivalent length, 
e0 , is the length of pile from the soil surface to the assumed fixed base of the equivalent system. 
The total length, L8 , of the equivalent system is the sum of the length of pile above the surface, 
fu, and the equivalent length, e0 • The displacement, l!i. (shown in Fig. 4.4), is the displacement 
of the abutment caused by thermal expansion and contraction of.the superstructure. 
To determine the equivalent length of a pile below the soil surface, a critical length 
parameter, e0 , was first defined. For a pile embedded in soil, the critical length was the depth 
below which displacements and bending moments at the pile head have little effect. Piles 
longer than ec act as infinitely long piles. The critical length parameter for a uniform initial 
lateral stiffness, kb, is [l] 
e =4 
c 
(4.1) 
where E is the modulus of elasticity and I is the moment of inertia of the pile. For a pile in a 
nonuniform soil, an effective lateral stiffness, k0, is determined. In Appendix C, a method is 
presented to calculate k0 • 
Figure C. l (Appendix Cl shows three plots for determining the equivalent length, e0 , for 
fixed-head piles based on three different equivalencies: (1) the horizontal stiffness of the 
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Fig. 4.4. Pile idealization as equivalent cantilever. 
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Table 4.3. Range of equival•mt cantilevered lengths (ln.). 
. . 
Equivalent Lengths Boone River Maple River 
Lay 107 to94 106to94 
LMy 115to 100 114to98 
LBy 155to148 186to 187 
. 
La>r 132to116 133to115 
LMx 142to125 ·. 144 to.122 . 
LBx 177 to 165 203.to 187 
soil-pile system, teh• (2) the maximum moment inthe pile, tem• and (3) the elastic buckling 
load of the pile, feb· (Equivalent cantilevered lengths for pinned head piles are given in [1)). 
Only La, the total equivalent length for horizontal stiffness, and LM, the equivalent 
cantilevered length for the moment, are used in this chapter. The length, Ls, is the total 
equivalent cantilevered length for elastic buckling. An example in Appendix C illustrates the 
procedure for determining the equivalent cantilevered lengths for the Boone River site. 
Since the moment of inertia, I, is different about the x and y axes, there will be different 
' . 
equivalent lengths for strong and weak axes bending. (Note that the piles at both bridges are 
oriented to bend primarily about their weak axis as thermal movement$ occur. Strong axis 
bending corresponds to lateral bridge movement; see Fig. 2.4.) Table 4.3 Iists the equivalent 
cantilevered lengths, Ltt, LM, and Ls, for both the strong and weak axes corresponding to the 
bounding soil stiffnesses shown in Figs. 4.2b and 4.3b. (The longer equivalent length is 
associated with the lower bounding stiffness). 
4.4. Pile Strains due to Longitudinal Movement 
4.4.1. Individual Pile Model 
The displacements associated with the longitudinal thermal expansion and contraction 
of a bridge produced first-order elastic moments about the weak axis, y. Consider a fixed-head 
equivalent pile (Fig. 4.4) with a lateral displacement, Ay. Then the horizontal force, Hy, and 
the maximum moment, My (which occur at the top of the pile) are 
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12El A 
H = r y 
y La 
Hy 
M = y 
6El A y y 
L2 
My 
The weak axes moment at the location of the strain gages is 
M =M -H d gy y y g 
where dg was the depth from the pile head to the gage lo~ations within the excavated area. 
(See Figs. 2.9, 4.2, and 4.3). 
The normal stress, 0y, at a distance c (Fig. 2.9) from the neutral axis is 
The strain can be related to the stress by Hooke's Law, e equals o/E. Combining Eqs. (4.2) 
through (4.5) with Hooke's I.aw gives the strain &y at a distance c from the neutral axis as 
e =Ac(~ - 12dg) 
y y L2 La 
My Hy 
(4.2) 
(4.3) 
(4.4) 
(4.5) 
(4.6) 
The displacement, Ay, will be taken as one-half the total measured longitudinal elongation of 
the bridge, Ab (in Ch. 2). 
(4.7) 
This, of course, assumes the thermal expansion is symmetrical. 
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Figures 4.5 and 4.6 show the weak axis pile strains, ey, calculated by Eq. (4.6). The 
surrounding soil was assumed to be loose sand (Figs. 4 .. 2b and 4.3b) for both plots. The results 
from Eq. (4.6) showed the same trends as the experimental strains presented in Ch. 2 
(Figs. 2.14 and 2.15, the Boone River and Maple River Bridges, respectively), but the computed 
strains were slightly larger than the experimentally measured strains. Figures 4. 7 and 4.8 for 
the Boone River and Maple River bridges, respectively, show the range of weak axis strains 
associated with two different, equivalent cantilevered lengths, one for each of the bounding kh 
curves in Figs. 4.2b and 4.3b, respectively. The ranges in the corresponding experimental 
strains are also shown in those two figures. 
4.4.2. Longitudinal Frame Model 
As we developed Eq. (4.6), the pile head was assumed to be fixed against rotations 
(Fig. 4.9a) since the abutment and beams are much stiffer than the piles. Figure 4.9b shows 
the actual motion of the abutment, which includes an abutment rotation. The simplified 
frame model developed in Ch. 3 (Fig. 3.5) was used to verify that the rotations of the abutment 
were important in determining pile strains. However, abutment rotations were not important 
when determining bridge displacements. 
The equivalent cantilevered length, LMy. used in the frame model (Sec. 3.3), was based 
upon a rigidly fixed pile head. The bending stiffness of the piles was much less than that of the 
girders and deck so that a fixed-head assumption was more appropriate here than a pinned 
head. The development of equivalent cantilevered lengths for elastically restrained pile heads 
was not deemed necessary. 
Specified longitudinal displacements, namely one-half the measured displacement 
range shown in Fig. 2.13 and 2.14, were applied to the frame model at the symmetry plane (the 
center of the bridge). 
The weak axis strains resulting from the longitudinal frame analysis are shown in 
Figs. 4.7 and 4.8for the Boone River and Maple River bridges, respectively. By accounting for 
the rotations at the pile-abutment connection, the strains were reduced. The strains compared 
well with the experimental strains; the experimental values were bounded by the two soil 
idealizations. 
46 
600 
~ 400 c:: 
::;::;; 
c: 200 
'3. 
~ 
w>- 0 
z 
~ -200 
..... 
.. -400 en 
(!) 
-600 z 
Cl 
z 
-800 w 
a:i 
-1.000 
JAN JUL JAN 
88 89 
TIME (months) 
Fig: 4.5. · Analytical weak axis strain at the Boone River Bridge. [Eq. (4.6) and LMy 
= 115 in. and LHy = 101 in.] 
500 
~ 
c:: 250 ':; 
c: 
'3. 
~ 
w"' 0 
z 
<( '-250 
a: 
..... 
en 
(!) -500 
z 
Cl 
ffi -750 
a:i 
-1000 
JUL JAN 
88 89 
TIME (months) 
Fig. 4.6. Analytical weak axis strain at the Maple River Bridge. [Eq. (4.6) and LMy 
= 114 in. and LHy = 106 in.] 
~ 800.0 c:: 
~ 600.0 c: 
"3. 
~ 400.0 w,., 
CJ) 200.0 
z 
<( 
a: o.o 
ln -200.0 
w 
...J 
-400.0 
a. 
LI.. 
-600.0 0 
w 
-800.0 CJ 
z 
-1000.0 <( 
a: 
UJ :..J 
:..J LU a: Cl 
Cl 0 
LI) :i1 
:c UJ 
' 
:i1 Cl <( 
UJ a: 
>< I.I.. 
u:: 
LOOSE SAND 
47 
:..J 
LU 
Cl 
0 
:i1 
UJ 
~ 
a: 
I.I.. 
MED/LOOSE SAND 
LU 
Fig. 4.7. Experimental and analytical weak axes strains for the Boone River Bridge. 
w,., 
CJ) 
z 
Ci 
ln 
w 
:::! 
a. 
LI.. 
0 
w 
(!) 
z 
Ci 
800 .. 0 ~-------------------
600.0 
400.0 
200.0 
0.0 
~zoo.a 
-400.0 
-600.0 
-800.0 
-1000.0 
-1200.0 
LOOSE SAND 
MED/LOOSE SAND 
-1400.0-'----------------------l 
Fig. 4.8. Experimental and analytical weak axes strains for the Maple River Bridge. 
48 
d 
(a) FIXED HEAD (b) ACTUAL SYSTEM 
~'ig. 4.9. Abutment-pile movement: (a) fixed head, (b) actual system with abutment 
rotation. · 
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4.5. Pile Strains due to Lateral Movement 
The experimental strains for strong axis bending, e, (shown in Figs. 2.17 and 2.18), 
indicate some Iateriil motion of the bridges as longitudinal thermal expansion and contraction 
occurred. The lateral displacements associated with lateral temperature expansion were 
small and were neglected. A lateral frame model was developed to predict these strains. 
4.5.1. Soil Pressure 
For the symmetrical skewed bridges to displace laterally, a lateral force is required. 
The passive soil behind and in front of the skewed abutment creates such a force (Fig. 4.10). 
The maximum passive force, Pn, which can be developed normal to the face of the abutment 
[28] is 
1 
P == -yH2 K B 
n 2 P 
(4.8) 
where y is the unit weight of the material surrounding the abutment, H and Bare the height 
and skewed width of the abutment, tespecti vely, and Kp is a coefficient of passive earth 
pressure 
l +sin<!> K = ---'-
P 1 - sincp 
(4.9) 
where 4> is the internalfriction angle of the soil. (Refer to Table 4.2 for typical values of y and 
<j>.) As the skewed bridge expands, a frictional force, P., will develop tangent to the soil-
abutment interface (Fig. 4.9). The frictional force is limited toµ P n where µis the coefficient of 
friction between the soil and the abutment. A typical value forµ is 0.4 (28]. The lateral soil 
force normal to the longitudinal bridge axis, P., corresponding to full passive pressure is 
P = P (sinjl - µcosjl) 
x n 
(4.10) 
where'jl is the skew angle as shown in Fig. 4.10. 
Spangler and Handy [28], Das [29], Terizaghi (30], and Clough and Duncan [31] pointed 
out that large abutment movements are required to develop the full passive pressure. 
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Fig. 4.10. Passive soil forces on skewed abutment. 
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Figure 4.11 (31] shows a curve relating the passive pressure to the wall movement for a 
particular retaining wall. All these authors state that there is much uncertainty in predicting 
passive pressures. According to Fig. 4.11, the passive pressure at the bridge sites could be any 
value between the full passive pressure, P 0 , and the full active pressure. Bridge movement, 
soil moisture conditions, and time will all have an effect. For example, as the bridge expands 
and contracts, void spaces may be created between the soil and the abutment, which may affect 
the passive earth pressures. As with many soil problems, a reliable value is not available from 
elementary soil mechanics. 
Using Eq. (4.8), we find the maximum passive forces are 800 kips and 560 kips at the 
Boone River and Maple River bridges, respectively. These values were obtained with a unit 
weight, y, assumed to be 120 lb/ft3 and a coefficient of passive earth pressure, Kp. of 3.69 
(friction angle of 35°). The abutments were 8 and 8.5 ft in height at the Boone River and Maple 
River bridges, respectively; the abutment widths, B, were 56.6 and 34;6 ft, respectively. The 
skew angles, !l, were 45° and 30° at the Boone River and Maple River bridges, respectively. 
The displacements required to develop these large maximum passive pressures are probably in 
the range of2.5 to 3 in. (Fig. 4.11). The maximum experimental displacement ranges of2 and 
2 1/2 in. for the two bridges indicated that the maximum passive pressures were probably not 
reached, especially at the Boone River Bridge. 
4.5.2. Lateral Frame Model 
A lateral frame model was developed to predict both the strong axis pile strains,&., and 
the lateral displacement of the skewed bridges. Figure 4.12 shows the two-dimens.ional model 
used for the frame analysis of the Maple River Bridge. Equivalent cantilevers were used to 
approximate the lateral pile behavior, as in the longitudinal frame model (Sec. 3.3), except 
strong axis properties were used (i.e., LMx from Table 4.3). The base of the equivalent 
cantilevers were fixed against lateral motion and rotation. Axial springs were inserted at the 
bottom of the equivalent cantilevers to approximate the axial shortening and slippage of the 
pile below LMx· The stiffness of the springs was assumed to be one-half the axial stiffness of 
the piles. In general, the stiffness depends on the surrounding soil-for example, the point 
springs, kq, and vertical springs, kv, given in Ref. [l ]. The piles in the Maple River Bridge are 
battered at a slope of 3:1 (Fig. 2.4). 
The lateral force, P., corresponding to full passive pressure (Eq. 4.11) was applied to the 
bridges (340 kips for the Boone River Bridge and 86 kips for the Maple River Bridge). 
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The strong axes strains, e., from the frame analysis corresponding to full passive 
pressure are 1300 µin.tin. at the Boone River Bridge and 407 µin.fin. at the Maple River 
Bridge. Obviously, the Boone River Bridge did not develop full passive pressure since 
experimental strains were of the order of200 µin.fin. (Fig .. 2.17). However, ~t the Maple River 
Bridge, the predicted e, strains due to the full passive pressure were only slightly larger than 
those measured (350 µin.fin.) in Ch. 2 (Fig. 2.18). Note that the Boone River Bridge, which is 
concrete, did not eJ<pand as much as the steel Maple River Bridge. With reference to Fig. 4.11, 
one would expect the passive pressures of the Boone River Bridge to be significantly smaller 
than at the Maple River Bridge. 
4.6. Recommendations 
The individual pile model gives conservative values of the weak axis pile strains, ey. A 
longitudinal frame analysis is recommended for these pile strain predictions. Strong axis pile 
strains, c,, due to the lateral movement of skew bridges can be significant and should be 
analyzed-for example, by the lateral frame model. The magnitude of the passive soil pressure 
on the abutment is uncertain. For purposes of design, one should assume full passive 
pressures unless a smaller value can be justified by rational methods even though this is very 
conservative for one of the bridges. 
Careful consideration should be given to the soil properties. Soil properties at bridge 
sites should he quantified with standard penetration tests or other in-situ measurement 
devices. Bounding techniques illustrated in this chapter may be useful design tools. 
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5. DESIGN RECOMMENDATIONS AND EXAMPLE 
5.1. Thermal Expansion Range 
For design purposes, the coefficient of thermal expansion for bridges should be 
experimentally determined or predicted by some other means, such as Eq. (1.1). In lieu of 
these recommendations, AASHTO (Sec. 1.4.2) values for the coefficient of thermal expansion 
can be used. The recommended coefficients of thermal expansion for concrete for the Boone 
River and Maple River bridges are 0.0000045 and 0.000005 in.fin. ("F) respectively. 
The temperature ranges recommended for the design of bridges in Iowa are 
Temperature Range 
Concrete Deck 15o•F 
Concrete and Steel Girders 14o•F 
Bridge longitudinal displacements can be predicted by the axial displacement model or 
by a longitudinal frame model (Fig. 3. 7). 
5.2. AASHTO Case A: Capacity of a Pile as a Structural Member [1] 
5.2.1. Structural Analysis 
The equivalent cantilevered idealization is sufficiently accurate for design purposes 
(Appendix C). Stresses due to bending caused by the thermal movements can be predicted by 
using a longitudinal frame model and a lateral frame model (Fig. 3.7 and Fig. 4.12). The 
simpler but more conservative fixed-head model in Ch. 4 can be used in lieu of the longitudinal 
frame model. Stresses due to lateral movement of skewed bridges should not be neglected. 
Unless a smaller value can be justified by analysis, full passive soil pressure should be 
assumed to act on the abutment. 
5.2.2. Alternative One 
Alternative One, which follows the AASHTO requirements, includes all the stresses 
induced by the thermal expansion and contraction of the bridge superstructure. Alternative 
One has no ductility requirements and is recommended for piles with limited or unknown 
ductility capacity. 
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5.2.3. Alternative Two 
For Alternative Two, the flexural stresses induced in the pile because of thermal 
expansion are neglected. Alternative Two does account for the secondary moment effect (PA), 
which for a fixed-head pile (Fig. 4.4), is [1) 
PA 
M=-
2 
(5.1) 
Alternative Two assumes that some plastic redistribution of forces will occur during the 
thermal movements, that is, a partial plastic hinge may occur in the pile .. The ductility 
capacity of the pile must be sufficient to permit some inelastic rotation at the pile head. 
Ductility requirements for fixed-head steel H piles are satisfied if the pile head translations, 
Ax and Ay, are limited by (32) 
(5.2) 
in which 
A. =A (0.6 + 2.25 C.) ix ox i (5.3) 
A. =A (0.6 + 2.25 C.) iy oy i (5.4) 
19 1 (bf) -C. = - - - - v' F ,;; I 
I 6 30 2tf Y 
(5.5) 
(5.6) 
(5.7) 
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where Fbx and Fby are the allowable bending stresses in the direction of the bending, dis the 
section depth, bris the flange width, Fy is the steel yield stress, and tr is the flange thickness. 
(Refer to Ref. [32] for pinned-head case.) 
In Alternative Two, limited straining beyond the yield point is permitted. Equation 
(5.2) limits inelastic rotations to about three times the elastic rotation [32]. For weak axis 
bending of an HP shape with an idealized elastic-plastic material, flexural strains up to six 
times yield can be expected at the flange tips. Fatigue at this strain level should not be a 
problem for the low number of cycles associated with annual thermal movements [33]. 
Alternative Two is not recommended for piles with limited or unknown ductility. The 
ductility capacity of timber or concrete piles has not been addressed. 
5.3. AASHTO Case B: Capacity of a Pile to Transfer Load to Ground 
Frictional capacities of piles can be affected by thermal expansion and contraction. 
Figure 5.1 (from Ref. [1]) shows the gap that may form between the soil and pile and reduce the 
frictional length by en [1]. Figure 5.2 is used to find en for a prescribed Ymax. the limiting 
displacement below which the frictional capacity is unaffected. A suggested value ofy0001 is 
2%ofthe pile diameter. 
The gap shown in Fig. 5.1 is assumed not to affect the bearing capacity at the pile tip. 
5.4. AASHTO Case C: Capacity of the Ground to Support Load 
Thermal displacements are assumed not to affect the capacity of the soil to support the 
load. 
5.5. Other Recommendations 
• 
%. 
Piles should be driven in oversized, pr!Jdrilled holes and oriented such that bending 
occurs predominantly about the weak axis. These details help to increase the flexibility of the 
piles. 
The properties of the surrounding soil should be investigated by soil borings and 
standard penetration tests to determine the lateral soil stiffness as accurately as possible. 
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Fig. 5.1. Gap between the pile and the soil caused by cyclic horizontal movement. 
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For skewed bridges, one should consider battering the piles in the lateral direction to 
limit lateral motion. Means of attenuating the passive soil pressure behind the abutment 
should be investigated. For example, if the passive pressure cari be reduced by one-half with 
compressible materials behind the abutment, the strong axis strains will.be reduced. 
5;6. Design Example 
The design recommendations are illustrated in an example to check the adequacy of the 
Maple River Bridge abutment piles. The Maple River Bridge is a three-span, four steel girder 
structure approximately 320 ft long (refer to Sec. 2.2.1 and Figs. 2.5 to 2.7). The bridge has a 
skewof30°. Eight HP 10x42 steel piles (Fy of36 ksi) were placed 4ft-11 in. apart. The piles 
were driven into 12-ft-deep oversized, predrilled holes that were filled with loose sand and 
oriented with bending occurring primarily about the weak axis (Fig. 2.4). The piles, which are 
battered in the lateral direction at a slope of 3:1, are 55 ft long and have a specified minimum 
bearing load of 32 tons. 
5.7. Structural Analysis 
The AASHTO Standard Specifications for Highway Bridges [5) requires that 
displacements or stresses caused by thermal expansion and contraction be considered in 
design [5, Sec. 3.16). Section 3.22 in the AASHTO specifications gives several load groups that 
include temperature effects. Only Load Group IV will be considered in this design example. 
The terms included in Group IV are dead load (D). liveload (L), impact (I), and temperature 
(T). A 25% increase in allowable stress is permitted by AASHTO for Load Group IV [5, Table 
3.22. IA]_ 
5.7.1. Structural Model 
The longitudinal frame model presented in Ch. 3 was used to predict the weak axis 
bending stress, fby. in the pile. The lateral frame model presented in Ch. 4 was used to predict 
the strong axis bending stress, fbx. due to lateral motion. The equivalent cantilevered lengths 
for piles in loose sand (Table 4.3) were used. 
60 
5. 7 .2. Vertical Loading 
The determination of stresses for vertical loading (dead load, live load, and impact) were 
not within the scope of this research project. For purposes of this example, suppose the axial 
and bending stresses because of vertical load, fa v and fbyV. respectively, are 
fav = 4.2 ksi (5.8) 
f byV = 7.1 ksi (5.9) 
The strong axis bending stress, fbxV, will be neglected. In the usual situation, these stresses 
would he calculated as the bridge was being designed for vertical load. 
5. 7 .3. Thermal Loading 
Uniform temperatures of ±75°F for the deck and ±70° F for the girders were .used for 
design. Full passive pressure was applied to the abutment at two-thirds of the way down in 
the longitudinal frame model. The resulting longitudinal displacements, Ay, were calculated 
to be 0.78 in. from the axial model (Eq. 3.5) and 0.73 in.from the longitudinal frame model. 
The small difference between the two models was due to the small abutment rotation 
(Fig. 4.9}. 
The axial stress from the frame model, far. was 0.6 ksi. The weak axis bending stress 
predicted by the longitudinal frame model (Fig. 3.7} was 
fbyT =26.9 ksi (5.10) 
[The axial model (Eq. 4.6) predicted higher bending stresses (29.8 ksi) because it. neglected the 
rotation of the abutment.] 
The strong axis bending stress from the lateral frame model (Fig. 4.12) was 
f bxT = 11.8 ksi (5.11) 
Remember that this stress is conservative since it corresponds to the full passive pressure, 
which probably was not reached (Ch. 4). The lateral displacement corresponding to full 
passive pressure, A., was 0.30 in. 
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The total stresses for Load Group IV were 
f = f V + f T = 4.8 ksi a a a 
{by= fbyv + fbyr =34.0 ksi 
f,,,=fbxT =11.8ksi 
5.8. Comparison withAA.SHTO AllowableStresses 
5.8.1. Case A 
The capacity of the pile as a structural member (Case A) was checked using the 
AASHTO Service Load Design interaction equations [5, Eqs. (10-41) and (10-42)). 
(5.12) 
(5.13) 
(5.14) 
The allowable axial stress, F8 , is 19.5 ksi (5, Table 10.32.lAJ, with Ky equal to 0.65 (5, 
Table C-11, Lay of 187 in. (Table 4.3), ry equal to 2.41 in., and a 25% allowable stress increase 
[5, Table 3.22. lAJ. The corresponding elastic buckling stress, F'ey. for weak axis bending, is 
66.3 ksi [5, Eq. (10-43)), which also includes a 25% increase. For strong axis bending, F' ex is 
165.3 ksi [5, Eq. (10.43)), with Kx equal to 0.65, an Lax of203 in. (Table 4.3), rx equal to 
4.13 in., and a 25% increase. 
An HP 10x42 steel pile is not a compact section with respect to the flanges. (The bp/2tr of 
12 is between 65/v'F y and 95/v'F y for F y of 36 ksi.) For such a case, AISC [34) presents an 
equation for the allowable stress with weak axis bending [34, Eq. (l.5-5b)). Decreasing the 
AISC allowable by the ratio 0.55/0.66 (the nominal AASHTO allowable to the nominal AISC 
allowable) gives 
F by= FYI 0.896 - 0.0042 ( ::f) v' FY I (5.15) 
or, for an HP 10x42 with thermal loading, 
F by= 36 ksi[0.896 - 0.0042(12)v' 36 ksi )(1.25) = 26.7 ksi (5.16) 
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For strong axis bending, AISC (34, Eq. (1.5-5a)) is also decreased by the ratio 0.55/0.66 
to give 
(5.17) 
which, for an HP 1 Ox42, gives 
F bx= 36 ksi[0.658 - o.0011c12)v36 J(l.25) = 24.1 ksi (5.18) 
Alternative One 
It was apparent that Alternative One would not be satisfied since the applied bending 
stress, fby. of 34.0 ksi is greater than the allowable bending stress of26.7 ksi. (This adds 
evidence to the observation in Sec. 2.3.5 that yielding probably occurred during the 
experimental data collection.) However, the stability and yield equations will be illustrated 
for completeness. The stability equation is (5, Eq. (10-41)) 
s 1.0 (5.19) 
and the yield equation is [5, Eq. (10-42)] 
(5.20) 
The quantities Cmy and Cmx equal 0.85 (34, Sec.1.6.1] since both ends of the pile were 
restrained and transverse loads (soil pressures) existed. Substituting the appropriate values 
into these equations gives 
63 
4.8 ksi 0.85 (11.8 ksi) 0.85 (34.0 ksi) 
--- + . + -------- = 1.84 >1.0 
19.5 ksi [ 4.8 ksi I ( [ 4 8 ksi 1· 1 - 24.l ksi) .1 - · • (26.7 ksi) 
165.3 ksi 66.3 ksi 
(5.21) 
and 
4 .8 ksi 11.8 ksi 34.0 ksi · . 
------ + + = 1.99 > 1.0 
0.472 (36ksi)1.25 24.l ksi 26.7 ksi 
(5.22) 
As expected, the design would be inadequate if Approach One were used. 
Alternative Two 
With an axial pile load of 59.5kips [4.8ksi, Eq. (5.12)], a 11.yof0.73 in. (Sec. 3.3), anda 
Ax of0.30 in. (Sec. 5.7.3), the secondary bending stresses due to thermal movement by Eq. (5.1) 
are 
59.5 kips(0.73 in.) f = · = 1.5 ksi 
byT 2(14.2 in.3) (5.23) 
and 
59.5 kips(0.30 in.) . 
fl»:T = = 0.2 ksi 
2(43.4 in.3> (5.24) 
Checking the stability equation, including the vertical load stresses (Eq. 5.8 and 5.9), gives 
4.8 ksi 
+ 19.5 ksi 
0 .85 (0 .2 ksi) 0 .85 (7 .1 + 1.5) ksi 
. + _[ ________ = 0.55 <1.0 
I 4 8 ksi I 4.8 ksi I 1 - · k . (24.1 ksi) 1 - . (26.7 ksi) 165.3 si 66.3ksi 
and the yield equation 
4.8 ksi 0.2 ksi (7.1 + l.5)ksi 
------ + + = 0.56 < 1.0 0.472 (36ksi)1.25 24.1 ksi . 26.7 ksi 
(5.25) 
(5.26) 
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The design thus satisfies the stress criteria of Alternative Two. 
The inelastic rotational capacity reduction factor, Ci (Eq. 5.5), is 
19 1 
c. = - - -· 02lv'36.0ksi = o.77 < 1.0 
I 6 30 (5.27) 
and the lateral displacements, !J.0y and !J.0,, 8.re 
26.7 ksi(l14 in.)2 
!J. = = 0.40 in. 
oy 3(29000 ksi) (10 .. 075 in.) 
(5.28) 
and 
24.1 ksi (144 in.)2 
!J. = = 0.59 in. 
"" 3(29000 ksi) (9.70 in.) 
(5.29) 
The unidirectional allowable displacements (Eq. 5.3 and 5.4) are 
!J.. = 0.40 in. [0.6 + 2.25(0.77)] = 0.93 in. ly (5.30) 
!J.. = 0.59 in. [0.6 + 2.25(0.77)] = 1.38 in. 
IX 
(5.31) 
Substituting into the biaxial ductility criterion (Eq. 5.2) gives 
0.73 in. 0.30 in. 
--. - + = 1.004"' 1.0 
0.93 in. 1.37 in. 
(5.32) 
Therefore, the ductility criterion was satisfied and the design satisfies the requirements of 
Alternative Two. 
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5.8.2. Case B 
Case B (capacity of the pile to transfer load to ground) is checked by verifying that the 
frictional capacity of the pile is adequate if the length, t 0 , is deducted (Fig. 5.2). The length, 
£0 , is controlled by y axis bending in this case: If the sand in the predrilled hole is considered, 
tulle equals zero. With Ymaxlll.y equal to 0.2 in./0.73 in. or 0.275, Fig. 5.2 gives an £0 of 0.5 tcy· 
With lcy equal to 13.6 ft, t 0 becomes 6.8 ft. This implied that Ymax occurred within the sand of 
the predrilled hole. Most likely, the entire 12 ft ofloose sand in the predrilled hole was 
neglected in the pile design. Hence, no additional deduction for lateral movement is necessary 
and Case B is satisfied; 
5.8.3. Case C 
Thermal displacements were assumed not to affect Case C (capacity of ground to 
support the load). 
5.8.4. Design Adequacy 
Since the pile met all criteria of Alternative Two, the pile design was deemed 
satisfactory for the Maple River Bridge. The bridge could be no longer since the ductility 
criteria (Eq. 5.32) was just satisfied. [The stability and yield equations (5.25) and (5.26) do not 
control.] Because of a reduced coeff'icient of thermal expansion, concrete bridges could be 
longer. If the passive pressure behind the abutment could rationally be reduced for design 
purposes, a longer steel bridge could be permitted. 
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6. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS FOR FURTHER 
WORK 
6.1. Summary 
The objective of this research was to verify a design procedure for piles in integral 
abutment bridges with experimental data from two bridges. Thus, refined design 
recommendations are made, based on the results of this work. 
The field tests (Ch. 2) consisted of instrumenting two skewed bridges in Iowa. The 
experimental data consisted of air temperatures, bridge temperatures, bridge displacements, 
and pile strains. In addition, concrete core samples were collected from the bridges and 
laboratory measurements of the coefficient of thermal expansion were made. Measured 
coefficients of thermal expansion were significantly below AASHTO values. 
An axial displacement model (Ch. 3) was developed to predict the longitudinal thermal 
movements of the two bridges. The bridges were subdivided into segments, each with uniform 
temperature, coefficient of thermal expansion, and modulus of elasticity. A longitudinal 
frame model that included abutment rotations was also used to determine the longitudinal 
thermal displacements. The temperature ranges recommended for the deck and girders differ 
from the AASHTO values, especially for concrete bridges. 
An equivalent cantilevered model (Ch. 4) was used to predict the strains in the piles. 
When the pile head was assumed to be fixed, the model was conservative when compared to 
the measured strains. The longitudinal frame model in Ch. 3, which permitted abutment 
rotations, gave better predictions of weak axis strains. The lateral frame model in Ch. 4 was 
used to predict.the strong axis strains as well as the lateral movements. Full passive soil 
pressures were assumed . 
. Design recommendations for temperature ranges and coefficients of thermal expansion 
are summarized in Ch. 5. Two alternative approaches, which depend upon the ductility 
capacity of the pile, are recommended for designing piles as structural members. 
Recommendations on pile orientation, predrilled holes, and skewed bridges are also given. 
Chapter 5 concludes with a design example. 
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6.2. Conclusion 
The recommendations, which are summarized in Ch. 5, should be followed for the design 
of piles in integral abutment bridges. 
The coefficients of thermal expansion of concrete, the bridge temperature range, and the 
effects of the passive earth pressures are important parameters that affect the maximum safe 
length of integral abutment bridges. 
6.3. Recommendations for Further Work 
Other studies that were not addressed in this report but may deserve further 
consideration include: 
(1) Lateral displacements of skew bridges. 
(2) The ductility of timber and concrete piles. 
(3) The effects of longitudinal displacements on the approach slab and backfill 
material. 
(4) The passive and active soil pressures both behind and in front of the abutment. 
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APPENDIX A: FIELD TESTS AND DATA REDUCTION 
A.l. Development · 
A.1.1. Site Description 
Chapter 2, Section 2.2 describes the locations of the two experimental sites. Soil borings 
were taken at each site. Figures 2.1and2.5 (Boone River and Maple River bridges, 
respectively) show the locations of the borings. The soil boring logs near the abutments are 
shown in Figs. A.1 and A.2 (Boon(> Rive.rand Maple River sites). 
A.1.2. Instrumentation 
Linear variable differential transform.ers (LVDTs) were used to monitor the bridge 
displacements. The displacement was calculated within the Micrologger 21X by first 
measuring two voltage measurements-one of normal polarity and the other reversed polarity. 
The two values were subtracted and the difference was used to calculate the displacement. 
Each LVDT was calibrated in the laboratory to determine the multiplier. 
The thermocouples consisted of two types of wire leads: copper and constantan. The two 
leads were soldered together at the location where the temperature was to be measured. At 
the Micrologger 21X, the copper lead was connected to the high input of the differential 
channel and the consta,ntan lead was connected to the low input. The Micrologger 21X 
measured the differential voltage across the two leads. The measµrement was then converted 
to degrees Fahrenheit. 
Two piles were instrumented with four electrical-resistance strain gages to monitor 
strains just below the abutment. The gages were 120-ohm .resistor. The strain gages were 
placed on the outside faces of the flanges and located 1 3/4 in. in from the flange tips. The 
strain gages were bonded to the pile using AEl0/15 epoxy, which has good ductility 
characteristics over the range of temperatures encountered in the field. Various protective 
measures were taken.to seal the gages from the environment. A foil covering was placed over 
the gages to reduce electrical interference. Two rubber compound coatings were placed over 
the gages. The first coating was a polysulfide liquid polymer compound, purchased from 
Measurements Group, Inc., and the second coating, a silicon-based metal sealer purchased 
from a local hardware store. Both were used to protect the entire installation from moisture 
contamination. 
34.0' 
SURF. EL 1028.43 
CONCRETE 
MIXED.MED. SAND 
& SANDY CLAY FILL 
MIXED GRAVELLY SAND 
& SANDY CLAY FILL 
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Fig. A.1. Boone River soil boring logs. 
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Fig.A.2. Maple River soil boring logs. 
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Completion cards were purchased from Campbell Scientific, Inc., to make the full 
bridge. The completion cards consisted of three precision resistors-a 120-ohm and two 1 K ohm 
resistors-each having a 0.01 % resistance tolerance and a 5ppm temperature coefficient. 
Strains were measured by applying an excitation voltage to the full bridge and 
recording the differential voltage as the bridge output. The resulting value was converted to 
strain. 
A.1.3. Micrologger 21X Program 
The programs were written into the Micrologger 21X following the ,i.nstructions given in 
the Campbell Scientific, Inc., Operat-Or's Manual. 
1\.2. Data Reduction 
A.2.1. General 
Micrologger readings were recorded every 10 min and stored temporarily. An average 
was taken of the six 10-min readings every hour. The Micro logger 21X stored the 
experimental hourly average into final memory locations until a transfer was made from the 
21X memory to cassette tapes. About every two weeks the data were downloaded to cassette 
tapes. At Iowa State University the data were uploaded to floppy disks and microcomputers 
were used to separate the LVDT and therm<icouple data from: the strain data. The data were 
then uploaded to a mainframe computer (Iowa State University VAX) for a more efficient 
means of data reduction. The LVDT data were converted to measured displacements using 
Eq. (2.1) in Ch. 2. 
A.2.2. Strain Reduction 
Strains were measured at four points at one vertical location on the pile near the 
abutment-pile connection (Fig. 2.9). The total strains were separated into four components: 
. . . . ' I . 
axial strain (e8 ), strain due to bending about the x (e,) and y (ey) axes, and strain due to 
torsional bending (Et). The four simultaneous equations, which state that the total strain at 
each gage location, •i. is the algebraic sum of the four strain components are 
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e1 =e +e +e+e1 a :t -y 
e = e + e -.e - e 2 a x y t 
e=e-e-c+e 3 a x y t 
e=e-e+e-e 4 a x y t 
(A.l) 
(A.2) 
(A.3) 
(A.4) 
With C\ given by the recorded data, the four equations were solved simultaneously for e8 , ex, ey, 
and et. The solution for the strains, ey and ex, is 
e = y 4 
e = 
x 4 
As stated in .Ch. 2, the e8 and ei were small and neglected. 
At the Maple River Bridge, gage 2 was not active and Eq. (A.2) is not usable. By 
neglecting the torsipnal strain in Eqs. (A.1), (A.3), and (A.4), one finds 
e = 
x 2 
(A.5) 
(A.6) 
(A.7) 
(A.S} 
Equations (A.5) through (AS) were used in Ch. 2 to calculate the experimental strains shown 
in Figs. 2.15 through 2.is. · 
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APPENDIX B: EFFECTIVE COEFFICIENT OF 
THERMAL EXPANSION 
8.1. Development 
B.1.1. Test Samples 
Three concrete cores were collected from the abutments at each of the two bridge sites 
for laboratory testing. The cores, of approximately 4 in. diameter, varied from 10 to 13 in. 
after trimming. Stainless steel studs were placed in the ends of the cores to hold the core in 
place while testing. 
Before testing, the cores were s11bjected to three different moisture conditions. One core 
. . . 
was placed in an oven (fully dry), another core was placed ina water bath 000% saturated), 
and the third core was left as an air-dried sample. 
B.1.2. Testing System 
Tests were conducted in an environmental chamber (see Fig. B.l), which was capable of 
controlling the temperature and moisture condition of each sample while monitoring the 
change in length and internal temperature of the core sample. The chamber consisted of a 13-
in.-long piece of steel pipe with an inside diameter of 5 in. Insulation, consisting of2-in.-thick 
styrofoam, was placed around the outside of the stee.1 pipe to help control the temperature and 
humidity of the cores during testing. End caps were also used to seal the chamber. 
The extensometer consisted of two boron nitride rods and an LVDT located at the top of 
the chamber (see·Fig. B. l). The boron nitride rods were used because the coefficient of 
. expansion for the boron nitride rod is very small (0.0000002 in./in.f'F). 
To control the temperature inside the chamber, methanol was circulated through copper 
tubing coiled.around the core samples (Fig. B.l). To monitor the temperatures, two 
thermocouple wires (copper-constantan type) were used. One wire was placed inside a 3/16-
in.-diameter hole drilled into the side ofthe core and filled with insulation. The other wire was 
placed on the exterior surface of the core. 
STEEL CHAMBER----l--1----l.l'~J 
HEATING AND 
COOLING COIL 
SUPPORT----
BARS 
Fig. B.1. 
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LVDTLEAD THERMOCOUPLE 
LEADS 
""~-&ll.#-.'4----1-4---- THERMOCOUPLES 
:._,,~~#'.<A--~e.-1---SAMPLE 
STAND 
Environmental extensometer. 
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B.2. Test Procedures 
For testing, each core was subjected to two temperature cycles, heating from 6.8° F to 
140° F and cooling from 140° F to 6.8° F. 
The coefficient of thermal expansion was determined by 
AL 
a=--
llTL (B.l) 
c 
in which Le represents the original length of the core, llL is the change in length, and llT is the 
corresponding change in temperature. Figures B.2 and B.3 show the coefficient of thermal 
expansion versus time for the heating and cooling cycles, respectively, for the Boone River 
Bridge cores. Figures B.4 and B.5 show the coefficient of expansion for the heating and cooling 
cycles, respectively, for the Maple River Bridge cores. The stabilized values presented in 
Table 2.1 are obtained from the horizontal portion of these curves. 
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o BOONE CORE-SATURATED 
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Fig. B.2 (upper). Coefficient of expansion: Boone River Bridge, heating cycle. 
Fig. B.3 (lower). Coefficient of expansion: Maple River Bridge, heating cycle. 
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Fig. B.4 (upper). Coefficient of expansion: Boone River Bridge, cooling cycle. 
Fig. B. 5 (lower). Coefficient of expansion: Maple River Bridge, cooling cycle. 
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APPENDIX C: EQUIVALENT CANTILEVERED LENGTH 
C.l. Fixed-Head Pile with Constant kb 
For piles in a soil strata with a constant kb, Eq. (4.1) is used to find the critical length 
parameter, le, directly, From Fig. C.1 (adapted from Ref. [1]), the length of pile above the soil 
surface, lu, and the critical length parameter are used to findan equivalent embedded length, 
e., of the equivalent cantilever. Figure C.1 is a nondimensional plot for fixed-head piles 
embedded in uniform soils. To use these plots, one enters the horizontal axis with the ratio of 
lu to tc and obtains the ratio of the equivalent embedded length; e. to le •. from the vertical axis. 
As explained in Sec. 4.4, lengths are given for three cantilevered equivalencies: horizontal 
stiffness (H), maximum moment (M), and elastic pile buckling (B). The total equivalent 
cantilevered lengths, Ltt, LM, and Ln, are determined by adding the equivalent embedded 
lengths, e.b. e.m. and e.b. respectively. to the length of pile above the ground, eu. 
C.2. Fixed-Head Pile with V 1,1rying kb 
To determine the equivalent cantilevered lengths of piles embedded in soils for which kb 
varies with depth, an effective soil stiffness, ke. should be determined. The procedure to 
determine the effective soil stiffness is repeated from Ref. [l]. 
Step 1. Guess ke. 
Step 2. Calculate e0 = 2 v'Eilke . 
Step 3. Calculate Ik = second moment of the kb vs. depth plot about the 
baseline at £0 (Fig. C.2). 
Step 4. Determine a new ke = 3(Ik)/l • 
0 
Step 5. Return to Step 2 until convergence. 
After determining an effective soil stiffness, Eq. (4.1) is used to obtain the critical length 
parameter, le. The procedure to determine the equivalent cantilevered lengths, LH, LM, and 
Ln, is the same as for a pile embedded in a uniform soil. 
C.3. Example 
An example is presented here to demonstrate the method of determining the equivalent 
soil stiffness and equivalent cantilevered lengths, Ltty. LMy. and Lny. for weak axis bending of 
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Fig. C.1. Equivalent cantilevers for fixed-head piles embedded in uniform soil. 
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Fig. C.2. Second moment of area about line A-A. 
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the piles at the Boone River Bridge. Figures 4.2a and 4.2b show the abutment-pile cross 
section and the stiffness, kb, versus depth. Only the distribution illustrated in Fig. C.3 will be 
used in this example. The soil idealization for the predrilled hole region is certainly 
subjective. The length lu equals 3 ft, ly equals 71'.7 in.4, and E equals 29,000,000 psi (Ely 
= 14440 k-ft2). 
Step 1. Guess k0 = 100 ksf. 
Step 2. Calculate 
4 
e =2 
0 
14440 
-- =6.93ft 
100 
Step 3. l2 = 0.93 ft, so from Fig. C.2 the second moment of the area 
ahoute0 is 
I (6 ft)3 6 ft ( 2(6 ft) ) 2 ] Ik = 90 ksf ""°36 + 2 0.93ft + - 3-
+ 139kst\ <
5
:
3 
+ 
6
:(o.93ft+ 
6:)2J 
[ 
(0.93 ft)3 0.93 ft ( 2(0.93 ft) ) 21 
+ 453 ksf + -- 0 + ---'-
36 2 3 
I (0.93 ft)3 0.93 ft ( (0.93 ft) ) 2 ] +478ksf + -- o+ ---36 2 3 
= 11639k-ft 
Step 4. Determine k0 = 3(11639 k-ft)/(6.93 ft)3 = 105 ksf 
Second iteration: 
Step 2. e0 = 6.85 ft 
Step 3. !2 = 0.85 ft 
lk = 11232 k-ft 
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Fig. C.3. Lateral soil stiffness, kh, for determining ke at the Boone River Bridge. 
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Step 4. k. = 105 ksf = 105 ksf 
Step 5. The converged solution is k. = 105 ksf 
Using this soil stiffness for kh in Eq. (4.1), the critical length parameter is 
(C.1) 
The equivalent embedded lengths are found from Fig. C.1 with luflc equal to 3 fU13.7 ft or 
0.22. 
eh = o.43 e = o.43 (13.7 ft)= 5.9 ft. 
e y c 
e = o.4s e = 0.48 (13.7 ft)= 6.6 ft. 
emy c 
e ,,.,, = o.92 e = o.92 (13. 7 ft)= 12.6 ft. 
e ,... c 
The total, equivalent ,:antilevered lengths are 
LHy '= 5.9 ft+ 3 ft= 8.9 ft 
L81 =12.6 ft+ 3 ft= 15.6 ft 
Table 4.3 lists the total, equivalent cantilevered lengths for the bounding soil conditions · 
shown in Figs. 4.2b and 4.3b. 
(C.2) 
(C.3) 
(C.4) 
(C.5) 
(C.6) 
(C.7) 
As a limiting case, the loose sand in the predrilled hole can be completely neglected. 
The effective soil stiffness for the sand below the level of the predrilled hole is 484 ksf. The 
criticallength parameter, fey. is 9.4 ft. The tu distance is the depth of the predrilled hole (9 ft). 
From Fig. C.1, with luftcy equal to 9 fU9.4 ft or 0.96, the equivalent embedded lengths are 
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eh =oAe =0.4(9.4ftl=3.Sft 
e .y cy ct:.s> 
e = o.4 e ·. = o.4 (9.4 ft> = 3.8 ft 
emy cy 
(C.9) 
e by= 0.42 e. = 0.42 (9.4 ft)= 3.9 ft 
e cy · 
(C.10) 
and total, equivalent cantilevered lengths for the case of no sand in the predrilled hole are 
LHy = 3.8ft+ 9ft = 12.8ft (C.11) 
LMy = 3.8ft+ 9ft = 12.8/1 (C.12) 
LBy = 3.9 ft+ 9 ft= 12.9 ft (C.13) 
The total, equivalent cantilevered lengths for weak axis bending to be used in design 
are the least ofEqs. (C.4) to (C.6) and Eqs. (C.10) to (C.12), or 
LHy = 8.9 ftorl07 in. 
LM =.9.6ftorll5 in. y . 
LBy = 12.!l ftorl55 in. 
For strong axis bending, Ii of210 in.4 would replace Iy. 
. . 
Equivalent lengths are tabulated.in Table 4.3. 
(C.14) 
(C.15) 
(C.16) 
